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Abstract To investigate regional and interannual vari-
ability of the ecosystem in the Southern Ocean, a
coupled circumpolar ice–ocean–plankton model has
been developed. The ice–ocean component (known as
BRIOS-2) is based on a modiﬁed version of the s-co-
ordinate primitive equation model (SPEM) coupled to
a dynamic–thermodynamic sea-ice model. The biologi-
cal model (BIMAP) comprises two biogeochemical
cycles – silica and nitrogen – and a prognostic iron
compartment to include possible eﬀects of micronutri-
ent limitation. Simulations with the coupled ice–ocean–
plankton model indicate that the physical–biological
interaction is not limited to the eﬀect of a varying
surface mixed-layer depth. In the Paciﬁc sector, large
anomalies in winter mixed-layer depth cause an
increased iron supply and enhance primary production
and plankton biomass in the following summer,
whereas in the Atlantic sector variability in primary
production is caused mainly by ﬂuctuations of oceanic
upwelling. Thus, the Antarctic Circumpolar Wave
(ACW) induces regional oscillations of phytoplankton
biomass in both sectors, but not a propagating signal.
Furthermore, interannual variability in plankton bio-
mass and primary production is strong in the Coastal
and Continental Shelf Zone and the Seasonal Ice Zone
around the Antarctic continent. Interannual variability
induced by the ACW has large eﬀects on the regional
scale, but the associated variability in biogenic carbon
ﬂuxes is small compared to the long-term carbon
sequestration of the Southern Ocean.
Keywords ACW  Southern Ocean  Plankton
biomass  Interannual variability  Coupled
ice–ocean–ecosystem model
1 Introduction
The Antarctic Circumpolar Wave (ACW) is one of the
prominent signals of interannual variability in the
Southern Ocean (White and Peterson 1996).
Based on ECMWF reanalysis data along 56S and on
remote sensing sea-ice concentration data, the ACW has
been described as a set of closely connected anomalies of
sea-surface pressure and temperature, meridional wind
stress and sea-ice extent. These patterns propagate around
Antarctica with a predominantly 4-year period, typically
featuring a quadrupole structure of positive and negative
anomalies. They are linked to regional oscillations;
quasiperiodic ﬂuctuations ofmeridional wind stress in the
Weddell Sea drive interannual variations of ice export and
sea-ice formation (Timmermann et al. 2002b).
Oscillations in air–sea CO2 ﬂuxes related to the ACW
have been deduced from the interannual variability of
the mixed-layer depth in a global OGCM (Le Que´re´
et al. 2000). However, a systematic investigation of
the ecosystem’s response to quasiperiodic ﬂuctuations
in physical boundary conditions has not yet been per-
formed.
To investigate the mechanisms relevant for regional
interannual variability of primary production and
plankton bloom development, a biological model of
intermediate complexity (biological model for the ant-
arctic plankton community, BIMAP) has been devel-
oped and coupled to the circumpolar ice–ocean model
BRIOS-2 (Timmermann et al. 2002a). In this paper, we
describe the model setup and analyze physical–biolog-
ical interactions in diﬀerent regions of the Southern
Ocean.
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2 Model setup
The coupled ice–ocean–ecosystem model presented here
is based on the circumpolar ice–ocean model BRIOS-2
(Timmermann et al. 2002a) which consists of a modiﬁed
version of the s-coordinate primitive equation model
(SPEM; Haidvogel et al. 1991; Beckmann et al. 1999)
and a dynamic–thermodynamic sea-ice model (Hibler
1979) and has been used succesfully in a number of
regional climate-modelling and process study applica-
tions (Beckmann et al. 2001; Timmermann et al. 2002b).
The model comprises the area south of 50S and has
a resolution of 1.5 in the Atlantic Sector of the
Southern Ocean. More details of the physical model and
its validation can be found in Timmermann et al.
(2002a).
The ecosystem model (BIMAP) includes two bio-
geochemical cycles – silica and nitrogen – and considers
possible micronutrient limitation. It comprises com-
partments for phyto- and zooplankton, the nutrients
nitrate, ammonium, silicate and iron and two compart-
ments for nitrogen- and silica-based detritus (see
Appendix A). Silica, nitrogen and iron uptake are linked
by constant factors. Parameterizations are derived from
measurements mainly from Antarctic diatom and co-
pepod species. The model considers advection and dif-
fusion using velocities and diﬀusivities from the ocean
model and does not explicitly assume a homogeneous
surface mixed layer. Coupled to an eddy-resolving im-
plementation of SPEM, it has been used and validated in
an idealized conﬁguration representing a section of the
Antarctic Circumpolar Current (Hense et al., personal
communication 2002) and shows good quantitative
agreement with observations of phyto-=zooplankton
and nutrient concentrations in that region.
The presence of sea ice inﬂuences the marine eco-
system mainly by the absorption of light, which reduces
or prohibits primary production. In the coupled model,
sea ice is assumed to absorb shortwave radiation in the
photosynthetically active band with an extinction coef-
ﬁcient of 3 m1; total solar irradiance at the ocean sur-
face is a weighted average over the ice-covered and
open-water parts of each grid cell using the ice concen-
tration A as a measure of fractional coverage.
The ocean model is initialized using data from the
Hydrographic Atlas of the Southern Ocean (Olbers
et al. 1992) and with zero ice volume. Initial silicate
and nitrate ﬁelds are derived from the gridded WOCE
data set (WOCE 1997); for ammonium, phyto- and
zooplankton we chose typical winter concentrations of
0.1 lmol l1, 0.2 lg l1 Chl a and 0.1 lg l1 C. Due to
the lack of reliable, gridded data, dissolved iron con-
centration is initialized with no horizontal gradients
and a concentration increasing linearly with depth
following observations from the Southern Ocean
(Lo¨scher et al. 1997; Sohrin et al. 2000; de Baar and de
Jong 2001). Initial concentrations in the detritus pools
are zero. The model is forced using 6-hourly wind
ﬁelds, air and dew point temperatures, and cloudiness
from the ECMWF reanalysis of 1985–1993 and the
analysis of 1994–1999.
3 Results
Simulated climatological monthly means of phyto-
plankton distribution compare well with satellite data,
taking into account the relatively coarse resolution of
the model which cannot reproduce the observed meso-
scale patchiness (Fig. 1, upper panels). During the pe-
riod of maximum phytoplankton concentrations, in
January, areas with enhanced phytoplankton biomass
are found in the coastal and continental shelf zones, at
the northern tip of the Antarctic Peninsula, east of
South America and at some locations within the Sea-
sonal Ice Zone (SIZ), especially in the Ross Sea. In the
coastal areas, coastal upwelling leads to enhanced nu-
trient supply in the euphotic zone (Fig. 1, lower panels),
which enables favourable growth conditions for phyto-
plankton in summer. High phytoplankton concentra-
tions along the 50S latitude in the Atlantic sector
resemble the increased biomass near the Antarctic Polar
Front. In this region near the northern boundary of the
model domain, hydrography is strongly restored to ob-
servations and thus includes the pattern of the fronts.
Cross-frontal circulation in this area features a persistent
regional overturning which leads to a vertical redistri-
bution of nutrients and thus to the development of a
considerable phytoplankton bloom. This issue is ad-
dressed in more detail in a study with an eddy-resolving
application of BIMAP (Hense et al., personal commu-
nication 2002).
In vast areas of the Southern Ocean, iron deﬁciency
plays a major role in suppressing phytoplankton
blooms: in the southern ACC, iron limitation causes a
band with low chlorophyll concentrations, known as the
high-nutrient low-chlorophyll (HNLC) area, which is
well represented by the model. However, the extremely
low iron concentration (<0.05 nmol l1) in some patches
in the Paciﬁc sector of the ACC might be slightly un-
derestimated by the model as iron input by dust is not
included (Fig. 1, bottom left). Besides silicate limitation
in coastal regions with high phytoplankton concentra-
tions (e.g. on the Patagonian Shelf ), low silicate con-
centrations limit primary production in the open ocean
north of the Antarctic Polar Front, which can be seen in
the Paciﬁc sector of the model domain (Fig. 1, bottom
right). In the coastal zone of the Amundsen and
Bellingshausen Seas, the model appears to underesti-
mate phytoplankton concentrations. Most of this area is
ice-covered even in summer, and oceanic primary pro-
duction is conﬁned to small polynyas near the coast
which cannot be resolved by the model. Furthermore,
local input of iron by dust or melting ice is not consid-
ered in the simulated concentration of dissolved iron.
However, SeaWIFS data tend to heavily overestimate
phytoplankton concentrations in coastal areas (e.g.
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Kudela and Chavez 1998; Kahru and Mitchell 1999); the
distinction between sea ice and a phytoplankton bloom
is not always certain. We conclude that the discrepancy
between the simulation and the observations in this re-
gion is probably due to errors in both the model and the
data.
High simulated phytoplankton concentration in the
Ross Sea is caused by (1) an early start of phytoplankton
bloom in the regularly occurring Ross Polynya, (2) a
shallow surface mixed layer in summer (due to high in-
put of sea-ice melt water) and (3) persistent oceanic
upwelling (0.6 m day1 in 100 m depth in the April–
September mean) in winter, which ensures nutrient
supply.
3.1 Variability in the southern ACC
Hovmoeller diagrams of the simulated sea-surface tem-
perature (SST) averaged between 53 and 61S (Fig. 2,
top panel) show propagating anomalies consistent with
the analyses of White and Peterson (1996) and the
simulations of Beckmann and Timmermann (2001).
Maximum amplitudes ( 0:08 C) are found in the Pa-
ciﬁc Sector at roughly 140W. Along with the SST,
anomalies of mixed-layer depth feature a local period of
about 3–4 years (Fig. 2, bottom panel), propagating
eastward around the globe within 5–8 years, which is
consistent with simulations of Le Que´re´ et al. (2000),
who used an ocean model with 1.5-order turbulent clo-
sure scheme with an explicit formulation of the mixed
layer. Propagating cold SST anomalies are generally
associated with an anomalously deep mixed layer, but
the highest amplitudes of mixed layer depth (36 m) are
localized in a standing wave pattern in the western Ross
Sea sector (155W). This is the region where the largest
amplitudes of wind speed and heat ﬂux variability are
found; ﬂuctuations of turbulent kinetic energy input
caused by varying wind speed together with the inter-
annual variability of surface heat ﬂuxes create strong
anomalies of mixed-layer depth.
The ecosystem’s response to the interannual vari-
ability of physical boundary conditions is at ﬁrst sight
surprising: there is no obvious propagating signal in
phytoplankton concentrations (Fig. 3, top panel). Cor-
responding to the variations of mixed-layer depth, the
Fig. 1 Climatological monthly
mean for January of surface
phytoplankton concentration (lg
Chl a l1) from a simulation with
the coupled ice–ocean–ecosystem
model (top left) and from a
SeaWIFS image (1998–2000;
Schwarz, personal communica-
tion top right), of simulated
dissolved iron concentration
(nmol l1) (bottom left) and
simulated silicate concentration
(bottom right)
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largest anomalies of phytoplankton concentrations oc-
cur in the Paciﬁc sector. Positive anomalies of phyto-
plankton concentrations are linked to positive anomalies
of mixed-layer depth. While the variability of summer
mixed-layer depth is small, positive anomalies of winter
mixed-layer depth cause a higher input of iron (Fig. 4,
top panel) which enhances phytoplankton growth in the
subsequent spring and summer. Depending on the time
of maximum mixed-layer depth, we ﬁnd a time lag of
about 3–5 months between the anomalies of mixed-layer
depth and iron concentrations on the one hand and
phytoplankton concentrations on the other. Conse-
quently, negative anomalies of winter mixed-layer depth
cause negative anomalies of iron entrainment, and thus
lead to reduced phytoplankton concentrations in the
following summer.
The characteristics of physical–biological interac-
tion are diﬀerent on the eastern side of the Antarctic
Fig. 2 Filtered anomalies (averaged over 53–61S) of simulated SST
(top) and mixed layer depth (bottom). Contour interval is 0.08C for
SST and 4 m for mixed layer depth. Negative values are grey-shaded.
Data were ﬁltered using a 3–7 year bandpass ﬁlter, as in the analysis
of White and Peterson (1996)
Fig. 3 Filtered anomalies (averaged over 53–61S) of phytoplankton
(top) and zooplankton (bottom) concentrations. Contour interval is
0.01 lg Chl al1 for phytoplankton and 0.03 lg C l1 for zooplank-
ton. Negative values are grey-shaded. Data were ﬁltered using a
3–7 year bandpass ﬁlter
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Peninsula. A simple relation between mixed-layer depth
and phytoplankton concentrations cannot be detected in
the Atlantic Sector of the ACC (including the Scotia
Sea), where interannual variability of winter mixed-layer
depth is considerably smaller. Again, phytoplankton
concentrations are enhanced following increased iron
concentrations (Fig. 4, bottom panel) but the ampli-
tudes are signiﬁcantly smaller than in the Paciﬁc sector.
Oceanic upwelling (Fig. 4, grey line) in the Atlantic
sector of the ACC is stronger (mean: 0.038 m day1)
than in the Paciﬁc (0.018 m day1); iron supply in this
region thus mainly occurs due to upwelling, not by en-
trainment at the mixed-layer base. We conclude that the
variations of surface concentrations of dissolved iron
and of primary production are signiﬁcantly smaller than
in the Paciﬁc sector and are determined mainly by
anomalies of vertical velocity.
Variations of zooplankton concentration are closely
related to the anomalies of phytoplankton concentration
(Fig. 3, bottom panel). Positive anomalies in phyto-
plankton concentration are associated with an enhanced
growth of zooplankton. The maxima, however, are de-
layed by roughly 2 weeks.
Sensitivity studies with varied initial iron concentra-
tions indicate that these ﬁndings are not sensitive to the
initial iron concentration ﬁeld. Phytoplankton concen-
trations change by roughly 10% when the initial
iron concentrations are raised (or reduced) by 40%.
However, the mechanisms for iron supply in the eu-
photic zone in the diﬀerent sectors do not change, and
the qualitative distribution of phytoplankton biomass is
not aﬀected.
3.2 Impact of sea ice – the Ronne Polynya
Oscillations associated with the ACW are visible not only
in the ACC. Timmermann et al. (2002b) have shown that
ACW-related anomalies of the meridional wind stress in
the inner Weddell Sea create an interannual variability of
sea-ice export. In the austral summer 1997/1998, ex-
traordinarily strong winds from the southwest (Hunke
und Ackley 2001) led to the development of a polynya in
the southern Weddell Sea which is called the Ronne
Polynya. In our simulation, the formation of a large area
of open water in December=January 1997/1998 (Fig. 5,
upper panels) leads to a large phytoplanktonbloom in this
usually ice-covered region (Fig. 5; lower left). The oc-
currence of the large phytoplankton bloom is consistent
with SeaWIFS-derived remote sensing data (Moore and
Abbott 2000). Quantitatively, the phytoplankton con-
centrations calculated from SeaWIFS data are in good
agreement with the modelled ﬁeld (Fig. 5; lower panels).
Zooplankton quickly responds to the enhanced primary
Fig. 4 Time series of the simu-
lated maxima of winter mixed
layer depth (black), winter sur-
face concentrations of iron
(magenta), and summer surface
concentrations of phytoplankton
(green) for each year, averaged
over regions in the Paciﬁc
(53–61S, 143–150W; top) and
in the Atlantic (53–61S,
18–24W; bottom) sector of the
ACC. The separate time series
display 3–monthly running
means of vertical velocity (w) in
the respective areas
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production and phytoplankton biomass, leading to an
anomalously high standing stock of zooplankton biomass
(not shown).
The spontaneous occurrence of a phytoplankton
bloom in the Ronne Polynya indicates that ecosystem
dynamics in the Southern Ocean is strongly inﬂuenced by
the ice coverage. Strong signals of interannual variability
are found in the continental shelf zones and in regions
which are seasonally ice-covered (Fig. 6). While the
maximum of solar irradiance occurs in December, sea-ice
extent during early summer is still high. Phytoplankton
blooms can only develop in regions of open water; as the
location of early sea-ice breakup varies considerably
from year to year, so does the location of plankton
blooms in the inner Weddell Sea. Due to the corre-
sponding absorption of light, interannual variations of
sea-ice coverage cause signiﬁcantly stronger ﬂuctuations
than the mixed-layer anomalies in the Paciﬁc sector of
the ACC or others regions north of the SIZ.
Another region of increased phytoplankton variabil-
ity is found near Maud Rise, in the eastern Weddell Sea.
Regional upwelling induced by passing cyclones is
locally enhanced due to the presence of the seamount.
Here, atmospheric variability on a synoptic scale creates
local anomalies of phytoplankton biomass.1
3.3 Primary production and carbon sequestration
Area-averaged primary production in the diﬀerent
sectors of the Southern Ocean (Table 1) ranges from 32
to 43 g C m2 a1, agreeing well with calculations
Fig. 5 Simulated mean sea-ice
extent in December 1997 (top
left) and January 1998 (top right);
simulated mean surface chloro-
phyll concentration in January
1998 (lg l1) (bottom left) and
mean surface chlorophyll con-
centration in January 1998, re-
corded from SeaWIFS (bottom
right; Schwarz, personal com-
munication), in the Weddell Sea
Fig. 6 Relative standard deviation of summer surface concentrations
of phytoplankton ðlg Chl a l1Þ in January 1985–2000
1 In the real ocean, tidal ampliﬁcation at the seamount (Beckmann
et al. 2001) may further contribute to an enhanced productivity
near Maud Rise
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derived from carbon requirements of top predators,
which are between 30 and 40 g C m2 a1 (Priddle
et al. 1998). Regional diﬀerences in the productivity are
coherent with estimates derived from satellite images
and observations (Tre´guer and Jaques 1992; Arrigo
et al. 1998; Rubin et al. 1998): due to low iron
concentrations, productivity in the Paciﬁc sector is
comparatively small. High phytoplankton concentra-
tions in the Ross Sea (Sect. 3.1) are associated with a
high productivity in this sector. In the Atlantic and
Indian sectors, high productivity is conﬁned to the
Coastal and Continental Shelf Zone (CCSZ) and parts
of the SIZ. It is partly counterbalanced by the low
productivity in the iron-limited permanent open-ocean
zone (POOZ), but as large parts of the CCSZ and SIZ
in these sectors are ice-free for 3–4 months during the
austral summer, annual mean productivity amounts to
values equal to or even greater than the rates from the
Ross Sea sector.
The eﬀect of local interannual variability on cir-
cumpolar mean primary production is rather small.
Total simulated primary production in the whole
Southern Ocean (south of 50S) is 1.7 GT C a1 with a
standard deviation of only 0.037 GT C a1 (referring to
an ensemble of annual means). Estimates of net CO2
ﬂuxes are in the order between 0.1 and 0.3 GT C a1
(Takahasi et al. 1997; Rayner et al. 1999). Assuming
that maximum 4% of primary production is exported
into the deep ocean (Fischer et al. 2000), interannual
variability of simulated primary production converts
into ﬂuctuations of carbon sequestration between 0.5
and 1.5%.
4 Summary
We have presented a newly developed circumpolar
coupled ice–ocean–ecosystem model that includes bio-
geochemical cycles of nitrogen and silica and considers
possible iron limitation. It is conﬁgured in a circumpolar
domain between the Antarctic continent and 50S.
Consisting of a primitive-equation ocean model with a
terrain-following vertical coordinate and a dynamic–
thermodynamic sea-ice model, the physical component
provides a realistic environment for the modelled eco-
system. The use of high-frequency forcing data ensures
an adequate representation of atmospheric variability
and sea-ice concentration ﬁelds on seasonal and inter-
annual time scales.
Model results indicate that interannual variability of
primary production is small compared to the long-term
carbon sequestration of the Southern Ocean. However,
on regional (and local) scales, atmospheric anomalies
associated with the Antarctic Circumpolar Wave
(ACW) strongly inﬂuence the ecosystem in the southern
ACC and in parts of the Seasonal Ice Zone (SIZ). In
the Paciﬁc sector of the Southern Ocean, strongly
varying winds and heat ﬂuxes cause large anomalies of
winter mixed-layer depth. Increased iron supply due to
vigorous entrainment at the mixed-layer base during
autumn and winter stimulates primary production in
the subsequent summer, so that anomalously high
phytoplankton concentrations are found 3–5 months
after an anomalously deep winter mixed layer. In the
Atlantic sector, however, interannual variability of
primary production is less pronounced and mainly
caused by ﬂuctuations of oceanic upwelling. Again, an
increased iron supply triggers positive anomalies of
phytoplankton biomass. However, as the mechanisms
for the enhancements of primary production diﬀer be-
tween the Paciﬁc and the Atlantic Sector of the ACC,
the ACW induces regional oscillations of phytoplank-
ton biomass in both sectors, but not a propagating
signal.
Regional productivity in the individual sectors of the
Southern Ocean diﬀers due to characteristic diﬀerences
in the physical regime: persistent oceanic upwelling
mainly during the winter season, an early sea-ice
breakup in the Ross Polynya and a shallow mixed layer
in summer cause a high productivity and high phyto-
plankton concentrations in the Ross Sea. Outside the
Ross Sea, high productivity is conﬁned to the Coastal
and Continental Shelf Zone (CCSZ) and those parts of
the SIZ where an early breakup of sea ice allows for the
development of a phytoplankton bloom in a shallow
mixed layer. Light limitation due to the presence of sea
ice prohibits phytoplankton blooms in large parts of the
SIZ; ACW-related sea-ice anomalies like the Ronne
Polynya of 1997/1998 may thus induce spontaneous
phytoplankton blooms even very far south. We con-
clude that regional and interannual variations in phys-
ical parameters like wind, heat ﬂuxes and ice coverage
strongly inﬂuence the occurrence of phytoplankton
blooms and that the mechanisms relevant for this in-
teraction are not conﬁned to the eﬀects of a varying
mixed-layer depth.
A relatively simple ecosystem model like BIMAP
cannot cover all aspects of variability. Long-term ob-
servations from Elephant Island indicate that krill
populations increase in years with a large ice extent,
while in ‘‘warm’’ years krill abundance is low and salps
dominate the community of swarm organisms (Loeb
et al. 1997; Siegel et al. 1998). Given the large impact of
atmospheric variability on sea-ice coverage, this would
imply that ﬂuctuations related to the ACW not only
aﬀect primary production and phytoplankton biomass
but also induce shifts in species composition at higher
trophical levels.
Table 1 Area-averaged primary production [g C m)2a)1] south
of 50S of the Atlantic sector (63W–20E), Paciﬁc sector
(150W–71W), Ross Sea sector (150W–150E), Indian sector
(20E–150E) and of the whole Southern Ocean.
Atlantic sector 36.9 ± 1.5
Paciﬁc sector 32.2 ± 1.1
Ross Sea sector 37.9 ± 1.5
Indian sector 43.3 ± 1.6
Southern Ocean 38.1 ± 0.8
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Appendix A. The biological model BIMAP
BIMAP is designed as an ecosystem module for a three-dimen-
sional prognostic ocean model. It comprises eight compartments:
phytoplankton ðPÞ, zooplankton ðZÞ, the nutrients nitrate ðNnÞ,
ammonium ðNaÞ, silicate (Si) and iron (Fe), and detritus which is
decomposed into a nitrogen part ðDNÞ and a silicium part ðDSiÞ.
We rate this as an ecosystem model of intermediate complexity: it
is complex enough to cover a large part of the relevant processes
but still concise, so it can be coupled to three-dimensional hy-
drodynamical models.
A.1 Model concept
The evolution of any biological tracer (Tb) is determined by the
non-linear advection–diﬀusion equation
oTb
ot
þ u  rTb ¼ oTbot
 
b
þDTb ; ð1Þ
which on the left-hand side features the local time derivative and
the eﬀect of advection. The ﬁrst term on the right-hand side
represents changes due to biological processes which are described
below. Advection of biological tracers is computed from
the simulated ocean currents u (u is the three-dimensional velocity
vector); the divergence DTb of turbulent ﬂuxes is parameterized
using the time- and space-dependent ocean model diﬀusivities
mT ðx;y;z;tÞ with
DTb ¼ rðmTrTbÞ : ð2Þ
Coupled to the circumpolar ice-ocean model BRIOS-2 (Timmer-
mann et al. 2002a), horizontal and vertical advection are computed
using an explicit second-order ﬁnite diﬀerences scheme (Haidvogel
and Beckmann 1999). Vertical turbulent transport of both ocean-
ographic and biological tracers is parameterized using the Paca-
nowski and Philander (1986) mixing scheme. Lateral diﬀusivity is a
function of the local Reynolds number.
A.2 Parameterization of biochemical ﬂuxes
Phytoplankton
Biogenic changes in phytoplankton concentration ðPÞ are described
as
oP
ot
 
b
¼ ð1 cÞ  r  P  gZ  Z  lP  P ; ð3Þ
where the terms on the right-hand side denote the primary pro-
duction, the grazing by zooplankton and the natural mortality; c is
the exudation coeﬃcient. The growth rate r comprises the maxi-
mum (light-dependent) growth rate x and a possible nutrient
limitation g:
r ¼ x  g with 0 < g < 1 : ð4Þ
Using the law of minimum (Liebig 1840), g considers possible
nutrient limitation by nitrate, silicate or iron:
g ¼ min Nn
kNn þ Nn
;
Si
kSi þ Si ;
Fe
kFe þ Fe
 
: ð5Þ
A Michaelis-Menten type relation is assumed for all nutrients
using the half-saturation constants kNn , kSi and kFe. The light-
dependent growth rate x is described by
x ¼ VP  a  IðzÞﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V 2P þ a2  I2ðzÞ
p ; ð6Þ
where
IðzÞ ¼ IS  exp
Zz
0

h
kw þ kc  Pðz0Þ
i
dz0
0
@
1
A ð7Þ
is the intensity of the photosynthetic active radiation (PAR) in a
depth z below the surface (Evans and Parslow 1985; Fasham et al.
1990). For the conversion from solar radiation to PAR we use a
factor of 43% according to Jerlov (1976) and Jitts et al. (1976). As
the Southern Ocean belongs to oceanic type I (Jerlov 1976; Bracher
and Tilzer 2001), we choose kw ¼ 0:04 m1 (Lorenzen 1972) as the
attenuation coeﬃcient of seawater. The self-shading parameter kc
and the initial slope a of the PI curve were derived from cruise
measurements during the SO-JGOFS cruise ANT XIII/2 (Bracher
et al. 1999). Parameter values are given in Table 2.
Table 2 Parameter values and
references 1. Phytoplankton
Initial slope of the PI curve (Bracher et al. 1999) a ¼ 0:027 m2
W day1
Self-shading parameter (Bracher et al. 1999) kc ¼ 0:07 m2mmol
Maximum growth rate (Eppley 1972) VP ¼ 1:2 1day
Mortality rate (Hense et al. 2000) lP ¼ 0:05 1day
Half-saturation constant for silicate (Nelson and Treguer, 1992) kSi ¼ 4:6 mmolm3
Half-saturation constant for nitrate (Sommer 1986) kNi ¼ 0:3 mmolm3
Half-saturation constant for ammonium kNa ¼ 0:3 mmolm3
Half-saturation constant for iron (Landry et al. 1997) kFe ¼ 0:12 lmolm3
Exudation coeﬃcient (Williams 1990) c ¼ 0:05
2. Zooplankton
Assimilation eﬃciency (Schnack 1985) b ¼ 0:67
Excretion rate (Huntley and Nordhausen 1995) e ¼ 0:0078 1d
Mortality rate (Hense et al. 2000) l z ¼ 2:0 m3
mmolday1
3. Nutrients
Si:N uptake ratio (Hense et al. 2002) rSi ¼ 2
Fe:N uptake ratio (Sarthou et al. 1997) rFe ¼ 2:65 105
4. Detritus
Silica dissolution rate (Treguer et al. 1989) sSi ¼ 0:018 1day
Remineralization rate (Biddanda 1988) sNa ¼ 0:07 1day
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The exudation of dissolved organic nitrogen (DON) during the
cell division is parameterized as c  r  P and is directly led into the
ammonium pool.
Zooplankton
The zooplankton (Z) equation considers grazing and the mortality
(lZ ) and excretion (e) rates using
oZ
ot
 
b
¼ b  gZ  Z  lZ  Z2  e  Z ; ð8Þ
where b  gZ  Z gives the growth of zooplankton biomass due
to grazing while ð1 bÞ  gZ  Z is the part of ingested food
which is excreted as faecal pellets. The grazing rate gZ has
been calculated from experiments with the abundant
herbivorous copepod species Calanoides acutus (Schnack 1985)
and reads
gZ ¼ 4:5  104 day1  79:5 m
3
mmol
 P
 1:3
ð9Þ
(Hense et al. 2000). While the excretion is assumed to be propor-
tional to Z, mortality is parameterized as a quadratic function of
zooplankton concentration.
Nutrients
Biogenic changes of the nutrient concentrations (Nn, Na, Si, Fe)
are due to uptake by phytoplankton r  P , exudation c  r  P ,
excretion e  Z and remineralization sD. Although we do not allow
ammonium supply to limit phytoplankton growth, the uptake
ratio between ammonium and nitrate is determined using the
concentrations Na and Nn, and the half-saturation constants kNa
and kNn :
oNn
ot
 
b
¼ r 
Nn
kNnþNn
Nn
kNnþNn þ
Na
kNaþNa
 P ð10Þ
oNa
ot
 
b
¼ r 
Na
kNaþNa
Nn
kNnþNn þ
Na
kNaþNa
 P þ c  r  P þ e  Z þ sNaDN ð11Þ
oSi
ot
 
b
¼ rSi  r  P þ sSiDSi ð12Þ
oFe
ot
 
b
¼ rFe  r  P : ð13Þ
Following studies with an eddy-resolving model version (Hense
et al., personal communication 2002), we conduct the experiment
with a molar Si/N uptake ratio rSi ¼ 2.
As quantitative knowledge about the time scales involved is not
available, we neglect iron remineralization. Thus, biology acts only
as a sink for iron, while the only source is advection and diﬀusion
from the deep ocean.
Iron/carbon uptake ratios have been derived from measure-
ments in the Indian sector of the Southern Ocean by Sarthou
et al. (1997). Using the Redﬁeld ratio between carbon and
nitrogen, we converted their estimates to rFe ¼ 2:65 105 [mol/
mol]. For iron limitation, we use a half-saturation constant kFe ¼
0:12 nmol l1 which is in agreement with observations (Landry
et al. 1997) and follows the analysis of sensitivity studies (Hense
et al. 2002).
Detritus
The detritus pool is decomposed into a nitrogen part DN and a
silica part DSi. Biogenic evolution of these compartments follows
the equations
oDN
ot
 
b
¼ lP  P þ lZ  Z þ ð1 bÞ  gZ  Z  rlNsNaDN ð14Þ
oDSi
ot
 
b
¼ ðlP  P þ lZ  Z þ gZ  ZÞ  rSi  rlSisSiDSi ; ð15Þ
and includes mortality of phyto- and zooplankton, production of
faecal pellets and remineralization with the time scales sNa and sSi
(Hense et al., 2000).
Following observations and results from model experiments
indicating that roughly 50% of the produced biogenic silica and
80% of particulate organic nitrogen are remineralized in the upper
water column while the rest of it sinks down to the deeper ocean
(Nelson et al. 1995; Pondaven et al. 1999), detritus loss and rem-
ineralization ﬂuxes are linked by a factor of 2 for silica and a factor
of 1.25 for nitrogen-based detritus (Hense et al., personal com-
munication 2002). We use these numbers for the loss-to-reminer-
alization ratios rlSi and rlN , respectively.
Initialization and boundary conditions
The nutrients silicate and nitrate are initialized using data from the
WOCE dataset. Due to the lack of gridded data, iron concentration
is initialized using the vertical proﬁle
Fet¼0ðzÞ¼ 1:2103mmol m3þ0:45106mmol m4jzj ; ð16Þ
which ﬁts to iron concentrations at the surface and at the bottom
derived from measurements in the Southern Ocean (Lo¨scher et al.
1997; Sohrin et al. 2000; de Baar and de Jong 2001). As reminer-
alization below the euphotic zone is not explicitly considered, a
restoring to the initial values of iron, nitrate and silicate with a time
scale of 1 year is applied in the bottom layer.
At the northern boundary, rTb ¼ 0 is applied. For the solar
radiation the daily and annual cycles as well as the latitude and
mean cloud cover, using the standard astronomical formulae of
Zillmann (1972) and Laevastu (1960), are considered.
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